Biomimetic nanopores based on membrane-spanning singlewalled carbon nanotubes have been designed to include selectivity filters based on combinations of anionic and cationic groups mimicking those present in bacterial porins and in voltage-gated sodium and calcium channels. The ion permeation and selectivity properties of these nanopores when embedded in a phospholipid bilayer have been explored by molecular dynamics simulations and free energy profile calculations. The interactions of the nanopores with sodium, potassium, calcium, and chloride ions have been explored as a function of the number of anionic and cationic groups within the selectivity filter. Unbiased molecular dynamics simulations show that the overall selectivity is largely determined by the net charge of the filter. Analysis of distribution functions reveals considerable structuring of the distribution of ions and water within the nanopores. The distributions of ions along the pore axis reveal local selectivity for cations around filter, even in those nanopores (C0) where the net filter charge is zero. Single ion free energy profiles also reveal clear evidence for cation selectivity, even in the C0 nanopores. Detailed analysis of the interactions of the C0 nanopore with Ca 2þ ions reveals that local interactions with the anionic (carboxylate) groups of the selectivity filter lead to (partial) replacement of solvating water as the ion passes through the pore. These studies suggest that a computational biomimetic approach can be used to evaluate our understanding of the design principles of nanopores and channels.
Biomimetic nanopores based on membrane-spanning singlewalled carbon nanotubes have been designed to include selectivity filters based on combinations of anionic and cationic groups mimicking those present in bacterial porins and in voltage-gated sodium and calcium channels. The ion permeation and selectivity properties of these nanopores when embedded in a phospholipid bilayer have been explored by molecular dynamics simulations and free energy profile calculations. The interactions of the nanopores with sodium, potassium, calcium, and chloride ions have been explored as a function of the number of anionic and cationic groups within the selectivity filter. Unbiased molecular dynamics simulations show that the overall selectivity is largely determined by the net charge of the filter. Analysis of distribution functions reveals considerable structuring of the distribution of ions and water within the nanopores. The distributions of ions along the pore axis reveal local selectivity for cations around filter, even in those nanopores (C0) where the net filter charge is zero. Single ion free energy profiles also reveal clear evidence for cation selectivity, even in the C0 nanopores. Detailed analysis of the interactions of the C0 nanopore with Ca 2þ ions reveals that local interactions with the anionic (carboxylate) groups of the selectivity filter lead to (partial) replacement of solvating water as the ion passes through the pore. These studies suggest that a computational biomimetic approach can be used to evaluate our understanding of the design principles of nanopores and channels. N anopores in membranes are of both biological and technological importance, the latter including stochastic biosensors, selective water pores for desalination, and biomedical diagnostics (1) (2) (3) . Nanopores may be designed de novo from nonbiological materials or by reengineering biological nanopores. One may design artificial biomimetic nanopores which reproduce functions of biological systems (4, 5) . For example, synthetic nanopores based on the permeation properties of biological channels (6) or which mimic the transport properties of the nuclear pore complex (7) have been designed.
Knowing the structure of ion channels provides possible design principles for biomimetic nanopores. Charged amino acid side chains are important in the selectivity properties of a number of biological channels and pores. For example, bacterial porins have cationic and basic side chains on opposite sides of the pore, with the exact balance pattern of charges governing the cation vs. anion selectivity (8) . ELIC, a bacterial pentemeric ligand-gated ion channel, is cation selective and has a ring of five anionic glutamate (E) side chains (9) . Rings of anionic side chains have also been suggested to play a key role in the ion selectivity of voltagegated calcium (Cav) and sodium (Nav) channels (10) (11) (12) . Thus, Cav (and some Nav) channels have four anionic residues in a ring (an EEEE motif, where E is the amino acid glutamate). The recent determination of the crystal structure of a bacterial Nav channel (NavAb) reveals the structure of a ring of four anionic (glutamate; i.e., an EEEE motif) side chains in the selectivity filter of the channel (13) . It is therefore timely to design biomimetic nanopores based on Nav-like and related selectivity filters.
Carbon nanotubes (CNTs) have considerable potential as nanopores. Recent studies have demonstrated ion transport through CNTs linking two aqueous reservoirs (14, 15) . In combination with advances in methods for chemical functionalization (16) , these studies make CNTs attractive possible templates for biomimetic design of nanopores.
Molecular dynamics (MD) simulations have been used extensively to explore the behavior of water (17) (18) (19) (20) and of ions in CNT nanopores (21) . Such studies have included simulations of the effects of functionalization to add charges to the walls (22) (23) (24) (25) and/or the mouths (26) of CNTs. Effects of functionalization inside CNTs on water behavior have also been studied (27) . Ion transport through CNTs has been examined (21) , demonstrating that wider nanotubes, even if hydrophobic, can allow passage of ions (28) .
Membranes formed by parallel arrays of CNTs may permit water permeation while excluding ions, thus offering possible devices for water desalination (3, 18, 29, 30) . These studies have focused on narrower (radius <0.5 nm) CNTs (3), and have included consideration of the effects of functionalization of narrow (8, 8) CNTsat the mouth (31, 32) . Other studies, both experimental and computational, have examined how CNT derivatization may be used to promote selective ion permeation of CNTs. Negatively charged functional groups at CNT tips result in entry of cations (33) . In one biomimetic design (34), a CNT was derivatized to resemble the selectivity filter of a potassium channel filter with the resultant nanopore and embedded in a graphenelike "membrane" (also see ref. 35 ).
In the current study, we design a series of CNT-based biomimetic nanopores with selectivity filters derived from those of Nav and Cav channels and of a length capable of spanning a phospholipid bilayer. We use MD simulations to demonstrate and explain the ion selectivity of the resultant nanopores. The results both provide insights into the fundamental "design principles" of biological ion channels and demonstrate how these principles may be mimicked in synthetic nanopores.
Results and Discussion
Model Nanopores. We set out to design CNT-based nanopores comparable in dimension to biological nanopores comparable to those formed by bacterial outer membrane proteins such as porins (8) and OmpG (36) . Noting that ionic conductances have been demonstrated through single-walled CNTs of radius ca. 0.5-1 nm (14), we therefore modeled an armchair (14, 14) CNT of length 3.61 nm, capable of spanning a phospholipid (dioleoyl phosphatidyl choline, DOPC) bilayer of thickness ca. 3.5 nm and with an internal radius (determined using HOLE; ref. 37) of 0.76 nm (Fig. 1) . We aimed at mimicking the charge distributions observed in various bacterial (nano)pores by modifying the pris- tine CNT nanopore (Fig. 1C) . In bacterial porins, the ion selectivity is controlled by the relative numbers of cationic and anionic side chains in the filter region of the pore (8) . In calcium channels (CaV) (and indeed in some sodium channels; ref. 13) , the selectivity filter is formed by four anionic glutamate side chains, whereas in other sodium channels (NaV) the number of anionic side chains is reduced to two and a cationic side chain is also present (10) . Therefore, we designed CNT-based nanopores in which we attached either two or four carboxylate groups to the inner wall of the CNT, or two carboxylates at one side and two protonated amines at the other side of the pore. These were either attached midway along the nanopore (models C-2, C-4, and C0, respectively; Fig. 1B ) or at one end of the nanopore (models E-2, E-4, and E0). To these models, we added a model C-1, in which there are two protonated amines at one side and one carboxylate (plus a methyl group in the fourth location) at the other side of the pore. The nanopore radius thus was reduced from 0.76 nm for the pristine CNT to ca. 0.55 nm in the region of the modifications. This constriction should be sufficient to accommodate a solvated cation or anion and is comparable to the radius of some biological nanopores; e.g., ca. 0.7 nm in OmpG (38) and ca. 0.3 nm for the selectivity filter of the recently determined bacterial NavAb channel structure (13) .
Two further model nanopores were investigated: C-EEEE and C-DEKA (Table S1 ). In these, the side chains of four glutamate (E) residues (as in CaV and NavAb channels) or of an aspartate (D), glutamate (E), a lysine (K), and an alanine (A) (as in vertebrate Nav channels) were used to form the centrally located selectivity filter. C-EEEE has a net charge of −4 and C-DEKA of −1; i.e., they are analogous to C-4 and C-1, respectively, but with more flexible functional groups forming the selectivity filter. The radius of these nanopores in the vicinity of the filter was ca. 0.35 nm.
Unbiased MD Simulations. In order to assess the ion selectivity of the pore models, 30-ns equilibrium MD simulations were performed. The membrane was exposed on both faces to an electrolyte solution, namely 1 M NaCl, 1 M KCl, or 0.5 M CaCl 2 . We analyzed the number of ions present inside each of the nanopores over the course of the simulations. The pristine CNT nanopore admits, on average, ca. 4 Na þ and 4 Cl − ions when bathed in 1 M NaCl solution (Fig. 2 and Table S1 ), along with ca. 200 water molecules. Thus, the concentration of ions in the nanopore is equivalent to that in the bulk solution, and the pristine nanopore is not selective for either of the ions present. The total number of ions in the pore fluctuates over time between 0 and 8, but the number of Na þ and Cl − ions inside the pore is always approximately equal; thus, the volume of the CNT is charge neutral, as has also been observed (29) for CNTs not embedded in a membrane. If two carboxylate groups are present (C-2), a small degree of selectivity for Na þ over Cl − ions appears, which becomes more marked for C-4 (with four carboxylates) with a mean excess of 3.3 Na þ over Cl − (Table S1 ). On average, the excess of cations is such that the overall contents of the nanopore, taking into account the charge on the carboxylates, remains approximately neutral. Again, there is a clear correlation between the number of anions and cations in the pore over time; i.e., neutrality is preserved. The same degree of selectivity is seen for the C-EEEE nanopore (with the more flexible anionic side chains) as for C-4. The C-1 model gives a modest degree of selectivity (a mean excess of 0.5 Na þ over Cl − ). This degree of selectivity is the same for C-DEKA, but is increased slightly (to an a mean excess of 0.9 cation over Cl − ) in E-1 or in the presence of KCl.
For the C0 systems there is little or no selectivity, so that the overall number of anions and cations in the pore is the same, but the mean number (ca. 5.5 of both Na þ and Cl − ) is somewhat greater than the corresponding mean (ca. 4) for the pristine nanotubes. Analysis of the simulations of the E models revealed very similar results in terms of numbers of ions in the pore, suggesting that the selectivity created with by introduction of the carboxylate groups is not dependent on the position of the derivatization (Fig. S1 and Table S1 ).
We checked the kinetics of entry of ions into the nanopores. Water and ions enter within the first 0.1-0.3 ns. Thus, we are confident that a 30-ns simulation provides an equilibrium picture of ions within the nanopore. Experimentally observed ionic currents through CNTs are of the order of 2 nA (14), which corresponds to a mean passage time of ca. 0.1 ns. Analysis of the diffusion coefficients of ions along the nanopore axis (Table S2) yields ion diffusion coefficients lower than those observed in bulk, as was also observed for simulations of ions in smooth cylindrical channels (39) .
Comparable simulations and analysis were performed with 1 M KCl or 0.5 M CaCl 2 as the electrolyte. Similar trends in selectivity were seen (Fig. S1 and Table S1 ). In general, the net number of K þ ions inside all the channels studied is slightly greater than the number of Na þ ions, which perhaps may be explained in terms of a lower dehydration energy for K þ than Na þ , although the ions remain largely hydrated when within the pore. For CaCl 2 , again the presence of carboxylate groups favors the entry of the cation into the nanopore, such that for the C-4 model the number of Ca 2þ and Cl − ions within the pore are equal (at ca. 4 of each on average) even though the concentration of Ca 2þ in the bulk is half that of Cl − . Thus, electroneutrality of the pore plus contents was maintained. Diffusion coefficients were significantly reduced Either two carboxylate (net charge −2), four carboxylate (net charge −4), two carboxylate plus two amine (net charge 0), or two carboxylate plus one amine (net charge −1) groups were attached to the inner wall of a (14, 14) pristine CNT either at the center (C) or end (E; see Table S1 ) of the nanopore. (C) Comparison of the C0 model nanopore with two biological nanopores (the bacterial outer membrane porin OmpF, and the voltage-gated sodium channel NavAB). In each case, the key anionic and cationic groups of the selectivity filter (residues E62, D113, E117, R42, R82, R132 in OmpF; residues E177 in NavAb) are colored red and blue, respectively.
(by more than an order of magnitude) for Ca 2þ ions within the derivatized nanopores reflecting the stronger interaction (see below) of the divalent ion with the selectivity filters of the different nanopores.
Spatial Distributions. From the equilibrium MD simulations, one can derive the average spatial distributions of the water and ions within the nanopores. There is a significant degree of structuring of water and ions within the nanopores, as seen previously (20) . For the pristine nanotubes, the radial distribution profiles reveal the shell structure of the nanopore contents (Fig. 3) , water molecules forming three concentric shells consistent with a nanopores radius of ca. 0.75 nm. We note that a similar shell structure has been observed in simulations of ions in smooth cylindrical channels (39) . For the pristine CNT in NaCl, the radial distribution profile for Na þ shows two maxima in between (radially) the water maxima. This profile is also seen for the cations in the corresponding KCl 1 M and CaCl 2 simulations (Fig. S2) . The Cl − distribution is broader.
The introduction of two carboxylate groups in the C-2 nanopore leaves the water and Cl − radial distributions largely unchanged. However, the Na þ distribution changes to include a clear peak at r ∼ 0.5 nm, corresponding to Na þ ions in the selectivity filter region. This peak is even more marked in the C-4 nanopore, for which there is also a shift in the Cl − radial distribution toward the center of the nanopore, reflecting repulsion of the anions from the ring of carboxylate groups. Interestingly, even though the C0 nanopore is overall electroneutral, the C0 and C-1 systems shows radial distribution functions (Fig. S2) , which are quite similar to those for C-2, suggesting that their selectivity filters may be more favorable to Na þ than to Cl − . This view is reinforced by the frequency distributions of cations and anions along the pore (z) axis (Fig. 4) . From these it can be seen that in the pristine CNT there is perhaps a weak preference for anions (Fig. S3) . In marked contrast in all of the derivatized nanotubes (C0 through to C-4) there is a preference for cations over anions in the region of the selectivity filter. Even in C0 the selectivity in this region is about 4∶1 for cations over anions, in spite of the net neutral total charge of this nanopore (and similar behavior is seen for the E0 model, in which case the selectivity filter is close to the mouth of the nanopores; see Fig. S3 ). This result is of special interest given the selectivity of a DEKA motif (corresponding to C-1) in the selectivity filter of vertebrate Nav channels.
Free Energy Profiles. The thermodynamic basis of the observed patterns of ion selectivity may be explored by calculation of potentials of mean force (PMFs) (Fig. 5); i.e., of free energy profiles for a given ion as it is moved along the long (z) axis of the pore. It should be noted that this yields a single ion PMF (i.e., other ions were not present within the pore during the PMF simulations), which results in deeper wells than would be derived for multiion PMFs from the distributions in Fig. 4 . For the pristine nanotube it can be seen that all ions experience a barrier for passage along the (hydrophobic) nanopores, and that this is greatest for the divalent Ca 2þ ion. This barrier is largely electrostatic in origin, as shown qualitatively by Poisson-Boltzmann (PB) calculations (using the software package APBS, ref. 40 ; Fig. S4 ), and has been described in previous studies of model hydrophobic nanopores (28) .
The PMF profile for the C-4 system is of special interest in the context of the EEEE motif in the selectivity filter of the bacterial NavAb sodium channel (Fig. 1C) (13) and of the EEEE or EEDD motifs in the filters of Cav channels. It can be seen that there is a clear preference for cations over anions, and also for Ca 2þ over the monovalent cations.
The PMF profiles for C-2 also show a clear preference for cations over anions, and an especially deep energy well for Ca 2þ ions. Significantly, it can be seen from these PMFs that the profiles for Na þ and Cl − are not simple mirror images of one another, but that there is a more pronounced energy well for cations in the vicinity of the selectivity filter. This pattern matches the results seen for distributions of ions along the long axis of the nanopores (Fig. 4) , and suggests a more complex mechanism of selectivity than just electrostatic interactions between the ion and the charge on the wall of the nanopores.
The C0 (Fig. 5 ) and C-1 PMF profiles (Fig. S5) are very similar. These nanopores are especially relevant in the context of vertebrate Nav channels (which have a DEKA motif, net charge -1) and to porins such as OmpF (Fig. 1C) . Again, local interactions in the vicinity of the selectivity filter make the filter region selective for cations over anions, even though the C0 pore is overall electroneutral; this is not seen in PB electrostatics calculations (Fig. S4) .
The nature of the "specific" interactions of cations in the vicinity of the selectivity filter is revealed by examining the number of contacts to water and to the filter groups formed by the ions as a function of ion position along the pore axis (Fig. 6 and  Fig. S6 ). For example, in Fig. 6A we show the contacts to water and to carboxylate groups of the filter for a Ca 2þ ion moved along the long axis of the C0 nanopore. It can be seen that, in the vicinity of the selectivity filter, 2-3 waters from the cation solvation shell are replaced by interactions of the ion with the filter carboxylates (as is seen in the system snapshots in Fig. 6C ). Similar effects are seen for all three cation species in all of the derivatized nanopores studied (Fig. S6) . Even in the C0 nanopore there are no significant interactions between the Cl − ion and the −NH 3 þ groups of the selectivity filter (Fig. S7) .
Conclusions. By combining a CNT-template with insights from ion channel structure we have designed a set of cation-selective nanopores. The C-2 and C-4 nanopores (the latter mimicking the EEEE motif in the filter of Cav and NavAb channels) provide significant cation selectivity. Although the C-1 (mimicking the DEKA filter motif of vertebrate Nav channels) and C0 nanopores are not globally selective (i.e., in terms of the total number of ions within the nanopore), they show high local selective in the vicinity of the filter. Evaluation of PMFs reveals that Ca 2þ is especially favored, in part as a result of the close association of the (partly dehydrated) cation with the carboxylates of the selectivity filter.
Our results suggest the utility of a biomimetic approach to "stress testing" our understanding of design principles of nanopores and channels. As further structural data emerge and more advanced nanopore synthesis becomes possible (41) , this may become a more general approach.
Methods
Atomic coordinates for the (14, 14) pristine CNT were generated using TubeGen (http://turin.nss.udel.edu/research/tubegenonline.html). This CNT is an example of a (n, n) or armchair nanotube (see ref. 42 for nomenclature), and is such that the carbon-carbon bonds are perpendicular to the tube axis. Parameterization was based on that used in previous studies (17) (see SI Text for further details of all methods). Water (SPC/E)/ion combination parameters were as in AMBER10 (43) . The general AMBER force field (GAFF) was used for DOPC lipids (44) . After CNT insertion in a preformed bilayer, the complete system was solvated. Water in the inside of the CNT was removed, so that at the start of the simulation the channel was completely dry. The resultant system was ionized using different salt concentrations (NaCl 1 M, KCl 1 M, and CaCl 2 0.5 M). The initial size of the unit cell was equal to 18.2 × 17.4 × 7.0 nm 3 and contained 560 lipids and approximately 18,000 water molecules.
Simulations were performed using GROMACS4 (www.gromacs.org) (45) . All the systems were energy minimized, thermalized, and equilibrated, followed by unrestrained simulations for at least 30 ns (time step of 2 fs) for each system studied. The constant pressure and temperature canonical ensemble was employed with the pressure of 1 bar controlled using a semiisotropic Parrinello-Rahman barostat (46) and the temperature of 300 K imposed by a Berendsen (47) thermostat. The LINCS (48) and Particle Mesh Ewald methods were used (49) (see SI Text for details).
The potential of mean force (PMF) of a given ion moved along the nanopore (z) axis was calculated using umbrella sampling along the z axis from −2.475 nm to þ2.475 nm using 100 equidistant windows each of width 0.05 nm and a harmonic force constant of ca. 1;000 kJ mol −1 nm −2 . A simulation of length 1 ns was carried out for each window. Extension to 2 ns did not change significantly the PMF profiles. The biased distributions were recombined and unbiased with the Weighted Histogram Analysis Method (50) in Grossfield's implementation (http://membrane.urmc.rochester.edu/content/ wham). The first 0.6 ns of each window run were discarded as equilibration time, leaving a total of 0.4 ns per window. Data were analyzed using GRO-MACS and locally written code. Molecular graphic images were prepared using VMD (51) .
